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SUMMARY 
/ /5-3y 

The convent ional  t rea tment  of e lec t romagnet ic  wave propagat ion 
through magnetoplasmas has  been c r i t i c a l l y  examined. The assumption t h a t  
f r e e  e l e c t r o n s  o s c i l l a t e  a t  t h e  same frequency as t h e  d i s t u r b i n g  wave i s ,  
i n  genera l ,  no t  v a l i d  f o r  a cold,  c o l l i s i o n l e s s  plasma. However, t h e  
theo ry  of s i g n a l  wave propagat ion i s  una l t e red  as t h e  i d e n t i c a l  d i s p e r s i o n  
r e l a t i o n  i s  obta ined .  The r igo rous  s o l u t i o n  f o r  t h e  p a r t i c l e  t r a j e c t o r i e s  
has  been shown t o  imply t h e  ex i s t ence  of a mode of propagat ion a t  t h e  
cyc lo t ron  frequency dr iven  by t h e  wave a t  t h e  s i g n a l  frequency. Th i s  type  
of wave has  been named t h e  "H" ( f o r  hybr id)  mode. 
r e l a t i o n  f o r  H waves has  been der ived .  A s tudy  of the  e a r l y  a f te rg low i n  
n i t rogen  by a r e f l e c t i o n  type  of microwave measurement has  been made. The 
e l e c t r o n  beam-plasma i n t e r a c t i o n  s tudy has  been concluded wi th  an  a n a l y s i s  
of  t h e  harmonic conten t  of t h e  l i n e a r  a c c e l e r a t o r  beam. Th i s  confirms 
t h a t  t h e r e  i s  s u b s t a n t i a l  power i n  t h e  s i x t e e n t h  harmonic a t  20.8 kmc. 
conclusion of t h e  experiment i s  t h a t  the  plasma phenomena s t imu la t ed  i n  
previous experiments of t h i s  type  were i n s i g n i f i c a n t  i n  our  experiment and 
t h a t  t h e  a n t i c i p a t e d  mechanism of  energy leakage from t h e  plasma i s  a very  
weak coupl ing e f f e c t .  

A g e n e r a l  d i s p e r s i o n  

The 

R c r 7  Hun 
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1. Electromagnetic Wave Propagation in Magnetoplasmas. 

1.1 Introduction 

A critical theoretical and experimental analysis of the conventional 

theory of electromagnetic wave propagation in magnetoplasmas is being pur- 

sued. Mathematically, we are required to solve for the currents caused by 

the wave simultaneously with Maxwell's equations. A first step is thus 

the solution of the equation of motion for the electrons, 

where cL is the electric field of the wave and 4 is the magnetic field 
in which the plasma is immersed. 

Now it is conventional to argue that the velocity of the electrons, 

, has the same time dependence as the eiectric field of the waw. For 
example, if we refer back to the earliest discussions, we encounter, 

E. V. Appleton, in the Journal of the Institution of Electrical 
Engineers, 1432, 

' I  . . . let us assume that all the field vectors are repre- 
* <- +?-gJ 

sented by expressions containing the factor e 

and 

D. R. Hartree, in The - Proceedings of the Cambridge Philosophical 

Society, 1931, 

I '  . . . then, taking the forced oscillations only, . . .I' 

(There follows a set of equations in which the time depend- 

ence of all quantities is taken as & W t  ) 

and, if we study a more recent discussion, we discover, 
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T.  H.  S t i x ,  i n  The Theory of Plasma Waves 1962, - - -> 
. . . and s i n c e  t h e r e  i s  no zero  o r d e r  

%- * -  thermal  motion, ay .I1 

However, i n  t h i s  case,  where the  magnetic f i e l d  i s  s t a t i c  and 

uniform, t h e  equat ion  of motion i s  r e a d i l y  solved,  so t h a t  t h i s  assumption 

i s  unnecessary.  Furthermore, it w i l l  be seen  t h a t  t h e  assumption sub- 

merges a n  important  po r t ion  of t h e  so lu t ion .  

Th i s  s i t u a t i o n  has  motivated a t h e o r e t i c a l  and experimental  

e f f o r t  i n  t h i s  l abora to ry .  

1 . 2  Theory of E l e c t r o n i c  Orbits i n  Magnetoplasmas 

A. Conventional Theory. 

It i s  r equ i r ed  t o  solve 

where 

i w t  - t. i s  t h e  e l e c t r i c  f i e l d  of t h e  wave, varying as e 

gk i s  t h e  rhagnetic f i e l d  i n  which t h e  plasma i s  immersed. 

Now t h e  c r ' i t i c a l  assumption t a k e s  t h e  form 

J 1 = ' w <  

It can now be r e a d i l y  shown t h a t  i f  B i s  i n  t h e  x d i r e c t i o n ,  
3 

t h e  c, a r e  r e l a t e d  t o  t h e  e l e c t r i c  f i e l d  of  t h e  wave by  



where 

and we denote 

eB - = s2. , t h e  cyc lo t ron  frequency, 
li-I 

From t , h i s  po in t ,  t h e  d i e l e c t r i c  t e n s o r  i s  de r ived  i n  t h e  

1 
form 

-iE 0 

K =  
i j  

and N i s  the e l ec t ron  number d e n s i t y .  

B. Modified Theorv 

The poin t  of t h e  cur ren t  e f f o r t  is, of course,  t h a t  t h e  

problem can be solved wi+,hout making the assumption 

2 The r igo rous  s o l u t i o n  t o  equat ion  (1) i s  of  t h e  form 

0 0 c v c o s f i t  - v sinSL+_ 1 2 
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cos (cut+@) 
2 si* v (t)  = - f l n q  1  sin cut* s i n R t ) - f  2 

(6) 
s i n  q t + v o  s i n R t + v  0 cos A t  cu - R  

1 2 
c o s n t - f  - + f  - 

2 R2-u? -2 n2-cu2 

O + f cos(cut+pl) 
3 3 

v (t)  = v 
3 

where 

0 E = E s i n  c u t  1 1  
v 

E2 = E s i n  (cut+@) = E s i n  cut  + E cos c u t  

E = E s i n  (cut+@) = E s i n  cu t  + E cos cut  

2 -cI 2 2 
d 0 

3 3  -3 3 

(7) 

Now s i n c e  w e  d e s i r e  t h e  o r b i t  of an average p a r t i c l e  i n  a n  I 
ensemble, w e  examine equat ions  (5 ) ,  (6), and ( 7 )  c a r e f u l l y .  

terms which vary  from e l e c t r o n  t o  e l e c t r o n  are those  involv ing  t h e  

The only 

0 i n i t i a l  condi t ions ,  v . Therefore ,  t hese  are t h e  only  terms w e  must 

cons ider  i n  t a k i n g  an  average. 

i 

Th i s  point  cannot be overemphasized, 

I s i n c e  f o r  an  i s o t r o p i c  d i s t r i b u t i o n  of i n i t i a l  v e l o c i t i e s  t h e  i n i t i a l  

cond i t ion  terms average t o  zero and we are l e f t  with t h e  components 

below. I 

a 
R W  

N cu 
c o s x t  - f 2  s i n J 2 t  

+ 2 2  2- 

<v3( t )>  = f 3  cos (cut+@) 

(9 )  



The r e s u l t s  expressed by equat ions (8), (9)  and (10) are 

extremely important  t o  t h i s  d i scuss ion .  

of an  average p a r t i c l e  conta ins  components a t  t h e  cyc lo t ron  frequency 

t h a t  a r i s e  only  because of t h e  presence of t h e  e l e c t r i c  f i e l d  of  t h e  wave, 

and a r e  no less  coherent  t han  t h e  components a t  t h e  s i g n a l  f requency.  

To be sure, t h e r e  i s  a l s o  random motion a t  t h e  cyc lo t ron  frequency, bu t  

it i s  a func t ion  of t h e  i n i t i a l  condi t ions,  which w e  have a l r eady  removed. 

They'igndicate t h a t  t h e  v e l o c i t y  

The f i n a l  t r a j e c t o r i e s  are apparent ly  s t rong ly  dependent upon 

t h e  r a t i o  3/, , b u t  it i s  not  d i f f i c u l t  t o  decide what gene ra l  form t h e  

o r b i t s  t ake .  If w e  s epa ra t e  t h e  s i g n a l  and cyc lo t ron  frequency compon- 

e n t s ,  we have 

Now f o r  t h e  s i g n a l  frequency components a lone 
L 

This  i s  t h e  equat ion  of an  e l l i p s e  with semiaxes 

The e l l i p s e  i s  thus  o r i e n t e d  along the x a x i s  f o r  1 I and a long  t h e  

R 
2 3 

x a x i s  f o r  -e I . We note  t h a t  the e l e c t r o n  moves i n  t h e  r i g h t  handed 

sense. 

The equat ion  f o r  t h e  cyclotron frequency components i s  
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which r e p r e s e n t s  a c i r c l e  wi th  r a d i u s  . The motion i s  r i g h t  

handed. 
L(a=- LY) 

The s i g n i f i c a n t  po in t  i n  t h i s  d i scuss ion  i s  t h a t  i n  a plasma 

e x c i t e d  by a s i g n a l  wave, t h e  e l e c t r o n i c  motion which remains after 

averaging conta ins  components both at the s i g n a l  f requency and t h e  cyclo-  

t r o n  frequency. This  r e s u l t  should be compared wi th  t h e  convent ional  

t heo ry  which al lows only  f o r  s i g n a l  frequency motion. We must now con- 

s i d e r  t h e  s ign i f i cance  of t h e  d i f f e rence .  

A s  a pre l iminary  s t e p ,  l e t  us  examine t h e  convent ional  t heo ry  

on a microscopic l e v e l .  I n  a c o l l i s i o n l e s s  i s o t r o p i c  plasma, w e  p i c t u r e  

t h e  process  as fo l lows:  as t h e  wave propagates through t h e  plasma, it 

e x c i t e s  e l e c t r o n  c u r r e n t s ,  (o r ,  a l t e r n a t i v e l y ,  e l e c t r i c  d i p o l e s )  i n  t h e  

same d i r e c t i o n  as i t s  e l e c t r i c  f i e l d  and a t  t h e  same Srequency. Tnis  

cu r ren t ,  a l t e r n a t i n g  as it does, r a d i a t e s  a -- sub-wave i n  t h e  same d i r e c t i o n  

and a t  t h e  same frequency. It can be shown t h a t  t h e  v e l o c i t i e s  of t h e  

e l e c t r o n s  d i f f e r  by n ine ty  degrees f r o m  t h e  s i g n a l  wave, and t h a t  t h e  sub- 

wave i s  i n  phase with t h e  e l e c t r o n  o r b i t s .  The f i n a l  r e s u l t  i s  t h e r e f o r e  

a phase s h i f t  and amplitude modulation of  t h e  s i g n a l  wave. 

The problem i s  only  moderately more complicated i n  an an i so -  

t r o p i c  plasma. The d i f f e r e n c e  l i e s  i n  t h e  f a c t  t h a t  t h e  e l e c t r o n  o r b i t s  

need no t  be i n  t h e  same d i r e c t i o n  as the  e l e c t r i c  f i e l d  of t h e  s i g n a l  wave. 

Therefore ,  t h e  sub-wave e l e c t r i c  f i e l d  i s  probably i n  a d i f f e r e n t  d i r e c t i o n  

from t h e  d i r e c t i o n  of t h e  f i e l d  t h a t  caused it o r i g i n a l l y .  This  e f f e c t  

r e s u l t s  i n  t h e  w e l l  known phenomenon of Faraday r o t a t i o n .  The essence i s  

t h a t ,  f o r  example, a l i n e a r l y  polar ized  wave w i l l ,  b e s ides  i n c u r r i n g  a 

phase s h i f t  i n  pass ing  through t h e  plasma, a l s o  genera te  another  wave, 
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perpendicular  t o  it and a t  some phase angle  from it. 

Although t h i s  i s  a somewhat s i m p l i f i e d  p i c t u r e ,  it i s  a v a l i d  

approach t o  t h e  problem. I n  f a c t ,  t h e  e n t i r e  t heo ry  of plasma waves can 

be de r ived  from a microscopic theo ry  such as t h i s  as opposed t o  t h e  

favored macroscopic approach. 

This ,  however, i s  t h e  convent ional  theory .  The preceding a n a l y s i s  

has  i n d i c a t e d  t h e  fol lowing add i t ion :  t h a t  bes ides  being r e spons ib l e  f o r  

a l l  t h e  prev ious ly  mentioned phenomena, t h e  e l e c t r o n s  a l s o  o s c i l l a t e  co- 

h e r e n t l y  a t  t h e  cyc lo t ron  frequency. I n  t e r m s  of t h e  previous argument, 

we i n f e r  t h e  r a d i a t i o n  of  a second sub-wave a t  the  cyc lo t ron  frequency which 

may d i f f e r  considerably i n  phase and p o l a r i z a t i o n  from t h e  s i g n a l  wave. 

This wave then  propagates according t o  t h e  previous arguments, obedien t ly  

gene ra t ing  i t s  own s e t  o f  sub-waves. 

1 . 3  C h a r a c t e r i s t i c s  of Hybrid Wave Propagation 

We t h e r e f o r e  suspec t  t h a t  t h e r e  may e x i s t  a r a d i a t i o n  a t  t h e  

cyc lo t ron  frequency from a plasma exc i t ed  by a s i g n a l  wave. To determine 

i t s  c h a r a c t e r i s t i c s  r e q u i r e s  t h e  r igorous  s o l u t i o n  of t h e  c o l l i s i o n l e s s  

equa t ion  of  motion f o r  t h e  e l e c t r o n s  toge the r  with M a x w e l l ' s  equa t ions  

The r e s u l t s  a l r eady  obtained f o r  t h e  e l e c t r o n  v e l o c i t y ,  I/; , 
l e a d  us t o  seek s o l u t i o n s  of  t h e  form 
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wi th  t h e  i m p l i c i t  requirements  t h a t  t he  f i e l d  v e c t o r s  are no t  func t ions  

of t i m e .  The d i s p e r s i o n  r e l a t i o n  f o r  the Hybrid (or "H") wave can then  

be shown t o  be 3 

c .  
n,+ 

where 

f& i s  t h e  r e f r a c t i v e  index of t h e  plasma f o r  t h e  H wave. 

8 i s  t h e  angle  between t h e  d i r e c t i o n  of propagat ion and t h e  
magnetic f i e l d .  

x 
T= zy' 

It i s  i n t e r e s t i n g  t o  note  t h a t  t h i s  approach t o  t h e  problem 

i n  no way cha l lenges  t h e  cu r ren t  theory of s i g n a l  wave propagat ion i n  

m a  L.-gLA-toplasmas. re The d i spe r s ion  r e l a t i o n  obta ined  f o r  t h e  Gave of frequency 

w i s  i d e n t i c a l  with t h e  r e s u l t  obtained convent iona l ly .  

A poss ib ly  s i g n i f i c a n t  aspec t  of t h e  phenomenon becomes apparent  

when t h e  energy balance between the  H and s i g n a l  waves i s  examined. If w e  

denote t h e  r a t i o  of H-wave power t o  s i g n a l  f requency power as p, w e  f i n d  

t h a t  4 

where t h e  p o s i t i v e  s i g n  i s  taken  i f  the s i g n a l  wave i s  l e f t  hand c i r c u l a r l y  

plane,  and t h e  nega t ive  s i g n  a p p l i e s  i f  t h e  wave i s  C X 2  p o l a r i z e d  i n  t h e  x 

r i g h t  hand po la r i zed  i n  t h e  same  plane.  

The i n t e r e s t i n g  po in t  i n  t h i s  d i scuss ion  i s  t h a t  f o r  t h i s  r i g h t  

hand c i r c u l a r l y  po la r i zed  component of t h e  s i g n a l  wave, p e x h i b i t s  a pole 

at  Y = I. Thus t h e  H wave p r i n c i p l e  would appear t o  i n d i c a t e  a poss ib ly  
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s i g n i f i c a n t  d e t e r i o r a t i o n  of t h e  propagating c h a r a c t e r i s t i c s  of a magneto- 

plasma i n  t h e  v i c i n i t y  of cyc lo t ron  resonance. 

1 . 4  Experimental  Analysis  

An experiment i s  p re sen t ly  being prepared t o  s tudy  t h i s  t heo ry .  

The o b j e c t i v e s  a r e  

1. To observe and s tudy  the c h a r a c t e r i s t i c s  of H wave 
propagat ion.  

2. To determine t h e  e f f e c t s  of e l e c t r o n - n e u t r a l  c o l l i s i o n s .  

3. To s tudy  t h e  t ransmiss ion  p r o p e r t i e s  of a magnetoplasma 
i n  t h e  v i c i n i t y  of cyc lo t ron  resonance. 

The experiment w i l l  b e  performed i n  a guided wave conf igu ra t ion  

a t  X-band f requencies .  The plasma d iagnos is  and t ransmiss ion  measurements 

w L l l  be accomplished by t h e  p o l a r i z a t i o n  techniques  developed i n  t h i s  lab- 

o r a t o r y  by D r .  R .  E. Haske l l .5  The experiment can be performed wi th  an 

a v a i l a b l e  magnetic f i e l d  ranging i n  s t r e n g t h  from several hundred t o  t e n  

thousand gauss.  6 
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2. Basic  Plasma Processes  

2 . 1  Afterglow S t u d i e s  i n  Nitrogen; Summary 

Following i n i t i a l  measurements of e l e c t r o n  loss c o e f f i c i e n t s  i n  

t h e  n i t rogen  af te rg low ( r epor t ed  i n  t h e  previous progress  r e p o r t ) ,  s e v e r a l  

ques t ions  remained unanswered. During t h e  p a s t  s i x  months, a t tempts  t o  

answer some of t h e s e  ques t ions  were made, and t h e  experiments were extended 

t o  inc lude  measurements of e l e c t r o n  c o l l i s i o n  c ros s - sec t ions .  

During t h e  i n i t i a l  measurements mentioned above, t h e  e l e c t r o n  

temperature  was found t o  inc rease  a f t e r  the removal of t h e  source of  i o n i -  

z a t i o n .  The inc rease  i n  e l e c t r o n  temperature was a t t r i b u t e d  t o  t h e  presence 

of metas tab le  molecules, which through metastable-metastable  c o l l i s i o n s  

would produce ho t  e l e c t r o n s .  I n  order  t o  i n v e s t i g a t e  t h e  dense e a r l y  after-  

glow, a method of measurement based on the complex r e f l e c t i o n  c o e f f i c i e n t  

of a plasma-air  boundary was developed and i s  d i scussed  below. 

The a v a i l a b i l i t y  of t h e  ga ted  microwave radiometer  t o  measure e l e c -  

t r o n  energy has  led t o  an  a t tempt  t o  measure t h e  e l e c t r o n  c o l l i s i o n  c r o s s -  

s e c t i o n  as a func t ion  of energy i n  t h e  af terglow.  The c o l l i s i o n  c ros s - sec t ion  

i s  ob ta ined  from a t t e n u a t i o n  and phase s h i f t  measurements of a microwave 

s i g n a l  pass ing  through t h e  plasma while t he  energy i s  being measured by t h e  

ga ted  microwave radiometer .  Some improvements t o  t h e  radiometer  are mentioned 

i n  a l a t e r  s e c t i o n .  

2 .2  Ref l ec t ion  Measurements 

I n  t h e  e a r l y  a f te rg low where the  e l e c t r o n  d e n s i t y  i s  high, a micro- 

wave s i g n a l  t r a n s m i t t e d  through t h e  plasma i s  seve re ly  a t t e n u a t e d  so t h a t  

l i t t l e  informat ion  i s  obta ined .  I n  order  t o  overcome t h i s  d i f f i c u l t y ,  t h e  

r e f l e c t e d  s i g n a l  from t h e  plasma was monitored. The s p a t i a l  e l e c t r o n  d e n s i t y  

, 
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d i s t r i b u t i o n  was assumed uniform s ince  recombination i s  t h e  predominant loss 

mechanism i n  t h e  e a r l y  a f te rg low and plane boundaries  are assumed. The con- 

f i g u r a t i o n  then  becomes t h e  one i n d i c a t e d  i n  f i g u r e  1. The t o t a l  complex 

r e f l e c t i o n  c o e f f i c i e n t  from t h i s  configurat ion i s  

where f) 

and 

waveguide. 

i on ized  gas  t o  be 

i s  t h e  complex r e f l e c t i o n  c o e f f i c i e n t  f o r  t h e  f irst  plane boundary 

i s  t h e  complex propagat ion constant  of t h e  p l a sma- f i l l ed  po r t ion  of 

The conduc t iv i ty  of t h e  plasma w a s  t aken  from t h e  model of a weakly 

where d 

ment of t h e  complex r e f l e c t i o n  c o e f f i c i e n t  determines 

d e n s i t y  and c o l l i s i o n  frequency are obtained.  

t r o n  d e n s i t y  by t h i s  method i n  n i t rogen  are shown i n  f i g u r e  2. 

i s  t h e  e f f e c t i v e  c o l l i s i o n  frequency f o r  momentum t r a n s f e r .  Measure- 

5, t h u s  t h e  e l e c t r o n  

Resu l t s  of  measurements of e l e c -  

The e l e c t r o n  d e n s i t y  does no t  show a p e r c e p t i b l e  r , i s e .  

imparted t o  the  plasma dur ing  each breakdown pulse  was approximately 10 

m i l i i  j o u l e s .  Vi th  increased  energy plasmas, t h e  metastable  populat ion might 

i n c r e a s e  t o  t h e  po in t  where metas tab le  -metastable c o l l i s i o n s  would inc rease  

t h e  e l e c t r o n  d e n s i t y  i n  t h e  e a r l y  af terglow.  

t e r e d  he re  i s  t h a t  t h e  hollow cathode waveguide plasma c e l l  r e q u i r e s  a p o s i t i v e  

breakdown pulse  ( so  t h a t  t h e  e n t i r e  waveguide c i r c u i t  remains a t  ground po- 

t e n t i a l ) .  The Dresent method of Dulse genera t ion  i s  t o  i n v e r t  t h e  neeative 

The energy 

A t e c h n i c a l  d i f f i c u l t y  encoun- 
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Figure 1 

Propagation of Electromagnetic Waves in a Plasma Cell. 
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Elec t ron  Density i n  the Ear ly  Afterglow of Nitrogen. 



1 

14 

ou tpu t  of a ha rd  tube  pu l se r  wi th  a pulse  t ransformer.  

l i m i t a t i o n s  are placed on t h e  product of  current- t ime passed through t h e  

pulse  t ransformer  a p o s i t i v e  pulse  generator  wi th  improved cu r ren t  capa- 

b i l i t y  i s  be ing  developed. 

S ince  p r a c t i c a l  

2 . 3  Gated Microwave Radiometer 

The ga ted  microwave radiometer  has been success fu l  i n  t h e  measure- 
I 

ment of  e l e c t r o n  temperature v a r i a t i o n s  i n  t h e  a f te rg low.  Some modi f ica t ions  

t o  t h e  o r i g i n a l  model have been made t o  increase  t h e  use fu lness  of t h e  de- 

v i ce .  

with a r e s u l t a n t  ga in  i n  s e n s i t i v i t y  of a f a c t o r  of . The phase d e t e c t o r  

and DC a m p l i f i e r  c h a s s i s  have been redesigned f o r  increased  s t a b i l i t y ,  and 

a decrease i n  output  d r i f t  has  been obtained.  The t iming c i r c u i t s  i n  t h e  

o r i g i n a l  model cons i s t ed  of va r ious  commercial pu lse  gene ra to r s  and delay- 

networks. 

one t r a n s i s t o r i z e d  chass i s .  

A new I.F. ampl i f i e r  wi th  a 20 megacycle bandwidth has  been designed 

A l l  t iming elements have now been redesigned and cons t ruc ted  i n  

2 . 4  Mass Spectrometer 

A f t e r  a break dur ing  t h e  summer months t h e  t i m e - o f - f l i g h t  mass spec- 

t rometer  p r o j e c t  has  been r e a c t i v a t e d .  



3 .  E l e c t r o n  Beam-Plasma I n t e r a c t i o n .  

3 .1  Summary 

Following t h e  sub- threshold  r e s u l t  r epor t ed  i n  t h e  previous s t a t u s  

r e p o r t  an a n a l y s i s  has  been made of t h e  harmonic conten t  of t h e  Linac beam. 

Th i s  a n a l y s i s  confirms t h e  previous assumption t h a t  t h e r e  i s  s u b s t a n t i a l  power 

i n  t h e  s i x t e e n t h  harmonic a t  20.8 kmc. 

T h e o r e t i c a l  cons ide ra t ions  have a l s o  been der ived  from a d i f f e r e n t  

po in t  of view. 

Both of t hese  developments w i l l  be r epor t ed  b r i e f l y  here .  A f u l l e r  

r e p o r t  w i l l  be prepared sepa ra t e ly .  The conclusion of t h e  experiment i s  t h a t  

t h e  plasma phenomena s t imula ted  i n  previous experiments of t h i s  type  were 

i n s i g r i i f i c a n t  i n  our experiment and t h a t  t h e  a n t i c i p a t e d  mechanism of  energy 

leakage from t h e  plasma i s  a very  weak coupling e f f e c t .  

3 .2  The Ca lcu la t ion  of t h e  1 6 t h  Harmonic of t h e  Linac Beam 

3 . 2 . 1  Harmonic Analysis  of  t h e  Linac Beam 

The pe r iod ic  na tu re  o f  t h e  dens i ty  of t h e  e l e c t r o n  bunches from t h e  

Linac beam enables  an a n a l y s i s  i n  t e r m s  of Four i e r  components t o  be conven- 

i e n t l y  made. 

where, Linac ope ra t ing  frequency % = 2n x 1 . 3  x 10 9 per  s ee .  

8 
Linac e l e c t r o n  speed u = 3 x 10 m/sec. 

t he  beam moves i n  t h e  X d i r e c t i o n .  
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The beam charge d e n s i t y  e 
q i s  t h e  t o t a l  charge i n  a bunch. 

i s  t h e r e f o r e  a func t ion  of Z-UF 

The harmonic f requencies  % = NuL 
2 

The c r o s s - s e c t i o n a l  area of a bunch i s  na 

The p e r i o d i c  t i m e  between bunches, T = 2n/co, 

The f a c t o r  i s ,  t h e r e f o r e ,  t h e  average charge d e n s i t y  per  cyc le .  
na  UT 

It can be shown t h a t  

where, 

J O  

I 
l and, 

3.2.2 The Accelera t ion  of Elec t rons  i n  t h e  Linear  Acce le ra to r  

Acce le ra t ion  occurs  i n  a s e r i e s  of nine i d e n t i c a l  microwave c a v i t i e s ,  

which a r e  e x c i t e d  by high power k lys t rons .  If t h e  phase r e l a t i o n s h i p  between 

c a v i t i e s  i s  proper ly  ad jus ted ,  a wave w i l l  propagate down t h e  a c c e l e r a t o r  with 

t h e  speed of  l i g h t .  

t r o n s  t r a v e l i n g  down t h e  a c c e l e r a t o r  with speeds c lose  t o  3 x 10'' cm/sec main- 

This  wave i s  known as t h e  synchronous wave because e l e c -  

t a i n  an  almost  cons tan t  phase r e l a t i o n s h i p  wi th  t h e  wave. 

The e l e c t r o n s  are i n j e c t e d  with an energy of  100 kev. They are com- 

pressed  i n t o  bunches by t h e  k lys t ron - l ike  s e c t i o n  of a buncher c a v i t y .  Then 

they  e n t e r  t h e  f i rs t  rf cavi ty ,  i n  which t h e i r  energy i s  inc reased  t o  s e v e r a l  

Mev. Upon l eav ing  t h e  f i r s t  c a v i t y  t h e  e l e c t r o n s  are t r a v e l i n g  a t  very  c lose  
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t o  t h e  speed of l i g h t  and are almost synchronous wi th  t h e  a c c e l e r a t i n g  wave. 

wave can be shown t o  be given by 

A $  = -I 
c 

where A@ i s  t h e  phase d i f f e r e n c e  i n  degrees 

CD i s  t h e  frequency of t h e  wave 

c i s  t h e  speed of l i g h t  

2 - -  - 

Wi, W a r e  t h e  i n i t i a l  and f i n a l  e l e c t r o n  ene rg ie s  when t h e  e l e c -  

The fol lowing t a b l e  i s  

f 
t r o n  t r a v e l s  a c e r t a i n  d i s t ance  i n  t h e  a c c e l e r a t o r .  

c a l c u l a t e d  from equat ion  2 .  

I n i t i a l  energy 
Mev 

3 

5 

10 

1 5  

20 

F i n a l  energy 
Mev 

5 

10 

1 5  

20 

25 

Phase l a g  
0 

1.07 

0.82 

0.28 

0.13 

0.08 

Thus t h e  phase l a g  above 3 Mev can be neglected.  

The t o t a l  energy of an  e l e c t r o n  emerging from t h e  Linac i s  

t h e  sum of t h e  energy which it a c q u i r e d b e f o r e  achiev ing  synchronism ( 3  M e V )  

p lus  t h e  i n t e g r a l  of fo rce  t i m e s  d i s tance  i n  t h e  remainder of  t h e  a c c e l e r a t o r .  

The e l e c t r o n s  which are acce le ra t ed  i n  the machine a r e  t y p i c a l l y  disposed i n  

phase as shown i n  f i g u r e  3 

energy.  

and do not  i n  consequence a l l  acqu i r e  t h e  same 

I n  f a c t  t h e  foremost e l e c t r o n s  (@=@l) are the  l e a s t  e n e r g e t i c .  
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x 
P 



3 .2 .3  The D i s t r i b u t i o n  of Elec t rons  i n  a Bunch 

The energy spectrum of e l e c t r o n s  i s  measured wi th  a magnetic 

ana lyse r .  Three s t e p s  a r e  necessary t o  convert  t h e  r a w  d a t a  i n t o  a p l o t  

of t h e  e l e c t r o n  d e n s i t y  as a func t ion  of  pos i t i on .  

Because of  t h e  phys ica l  p r i n c i p a l  of  t h e  a n a l y s i s  t h e  graph of 

t h e  cu r ren t  c o l l e c t e d  by t h e  Faraday cup as a f u n c t i o n  of t h e  magnetic 

f i e l d  s t r e n g t h  i s  a d i s t o r t e d  form of t h e  energy spectrum. 

co r rec t ed  f i rs t .  

This  must be 

I n  t h e  second s t e p  w e  convert  the  graph t o  one showing t h e  phase 

d i s t r i b u t i o n  of t h e  e l e c t r o n s  and t h i r d l y  w e  convert  t o  a d i s t r i b u t i o n  of 

charge as a func t ion  of p o s i t i o n .  

set>s of ana lyse r  d a t a .  

Th i s  has been done f o r  4 r e p r e s e n t a t i v e  

For each s e t  of data a Four i e r  a n a l y s i s  has  been performed f o r  

t h e  f i rs t  32 harmonics. 

3.2.4 The S ix teen th  Harrnonic at 20.8 Kilornegacycles 

(equat ion  1) f o r  t h e  f o u r  cases  are 0.31, 
7 b  

The va lues  of  

0.35, 0.30 and 0.39. Thus t h e  Linac beam can be said t o  have a s u b s t a n t i a l  

s i x t e e n t h  harmonic conten t .  

The d i s t r i b u t i o n s  were ca l cu la t ed  on t h e  assumption t h a t  e l e c t r o n s  

beeom-e synchronous wi th  t h e  wave a t  3 Mev. S l i g h t l y  l a r g e r  o r  smaller 

va lues  might have been used and would have r e s u l t e d  i n  s l i g h t l y  d i f f e r e n t  

va lues  of 3 b  * 

The Linac beam charge d e n s i t y  f o r  t h e  s i x t e e n t h  harmonic i s  
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, 
I 

I This  i s  t h e  average dens i ty .  The beam i s  a c t u a l l y  denses t  on i t s  axis. The 

d e n s i t y  on t h e  a x i s  i s  approximately twice t h e  average d e n s i t y .  When the  

1 peak beam c u r r e n t  i s  0 .3  A t h e  charge per  bunch i s  

= 2 . 3  x l o lo  coulomb 0 . 3  A 
1 . 3  x 10 9 / sec  

Also 

= 0.23 m 

s o  t h a t  

" 
= 1 . 5  x 10 coul  

el 6 
c - -  2a 

3.3  T h e o r e t i c a l  Cons idera t ions  

3.3.1 Ca lcu la t ion  of the Power Extracted from t h e  Beam i n  Steady S t a t e  

We can show t h a t  the d i e l e c t r i c  c o e f f i c i e n t  of t h e  plasma, E p  , can 

be w r i t t e n  i n  t h e  form 

where = cu - w 
P 

cu i s  t h e  frequency of t he  s ix t een th  harmonic 

cu i s  t h e  plasma frequency 
P 

3 - - -  

9 i s  t h e  e l e c t r o n  c o l l i s i o n  frequency 
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where E, a r e  the  f i e l d s  a s s o c i a t e d  with t h e  plasma o s c i l l a t i o n s  

Also we can show t h a t  

5 

The f i r s t  term on t h e  right-hand s i d e  i s  t h e  con t r ibu t ion  t o  the  

e l e c t r i c  field due t o  t h e  c u r l  of t h e  magnetic f i e l d  s e t  up by t h e  beam. To 

solve f o r  t h i s  term would involve s e t t i n g  up t h e  boundary value problem f o r  

t h e  e l e c t r i c  and magnetic f i e l d s  s t imulated by a beam t r a v e r s i n g  a non-uniform 

plasma, a problem which would be very d i f f i c u l t .  The second term, however, 

depends on t h e  beam charge d e n s i t y  and the  plasma d e n s i t y  where t h e  beam passes 

through t h e  plasma. Considering only the  second term, which w i l l  be c a l l e d  

- 1  E , equat ion  5 becomes 

6 - - -  

When t h e  Linac beam i s  turned  on it s e t s  up plasma e l e c t r o n  o s c i l l a -  

t i o n s .  These a r e  t h e  supe rpos i t i on  of two o s c i l l a t i o n s  a t  pure f requencies ;  

t h e r e  i s  a damped t r a n s i e n t  o s c i l l a t i o n  a t  t h e  plasma frequency and a forced  

o s c i l l a t i o n  a t  t h e  s i x t e e n t h  harmonic frequency. 
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Now t h e  c o l l i s i o n  frequency i s  i n  t h e  o rde r  of 0.3 Me - 1.0 Me. 

The t r a n s i e n t  o s c i l l a t i o n s  a t  t h e  plasma frequency t h a t  occur  when t h e  Linac 

beam i s  tu rned  on w i l l  p e r s i s t  for s e v e r a l  per iods  of  c o l l i s i o n ,  so t h a t  

t h e  t i m e  r equ i r ed  f o r  t h e  es tab l i shment  of t h e  s t eady  s ta te  i s  o f  t h e  o rde r  

of 3-10 psec.  

on ly  0 . 1  psec, it i s  not  expected t h a t  t he  s teady  state w i l l  be e s t a b l i s h e d  

i n  t h i s  s h o r t  t ime.  Nevertheless ,  t h e  s teady state behavior  can be ca l cu la t ed  

as a l i m i t i n g  example of  what might occur i f  t h e  beam were l e f t  on long 

enough. 

Since t h e  l eng th  of  a n  e l e c t r o n  b u r s t  from t h e  Linac i s  

I n  t h e  s teady  state t h e  average power d e l i v e r e d  by t h e  beam t o  t h e  

plasma i s  g iven  by 

7 _ - -  

where t h e  i n t e g r a l  i s  taken  over  t h e  i n t e r a c t i o n  reg ion ,  i . e . ,  t h e  r eg ion  

t r a v e r s e d  by t h e  beam. The l eng th  of t h i s  reg ion  i s  t h e  l e n g t h  of t h e  ves se l ,  

28 em, and t h e  diameter of t h i s  ( c y l i n d r i c a l )  r eg ion  i s  t h e  diameter  of t h e  

3 beam, 1 . 6  cm, f o r  a t o t a l  volume of  50 em . 
i s  a f u n c t i o n  of p o s i t i o n .  F i r s t l y ,  t h e  cu r ren t  d e n s i t y  of t h e  Linac beam 

i s  a decreas ing  func t ion  of  d i s t ance  f r o m t h e  a x i s .  Secondly, t h e  plasma f r e -  

quency i s  a decreas ing  func t ion  of  d i s tance  from t h e  axis, so t h a t  

not  uniform. 

Within t h i s  r eg ion  t h e  in t eg rand  

E, i s  

S u b s t i t u t i n g  equat ion  3 i n  equat ion 6 g ives  
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I, so t h a t  

U 

3' + 4  ( 4 4 '  E, 

and 

The in tegrand  of  equat ion  7 has  i t s  l a r g e s t  va lue  where d W = 0 

Nurner i cally, 

= 450 A 
m 

-6 8 
= 1 . 5  x 10 coul  x 3 x 10 - rn - 

sec  2 3 m 

6 4 = 0.3 x 10 / sec  

and 

- - -  I2 

An upper l i m i t  t o  t h e  t o t a l  power y ie lded  by t h e  beam can be found by mul t ip ly-  

i ng  t h i s  f i g u r e  by t h e  volume of t h e  i n t e r a c t i o n  reg ion ,  5 x 

2 x 10 watts. Because t h e  plasma i s  so  non-uniform i n  t h e  i n t e r a c t i o n  r eg ion  

t h e  maximum value of t h e  in tegrand  can only be a t t a i n e d  i n  a very  s m a l l  sub- 

in3, t o  g ive  

6 
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r eg ion  of t h e  whole i n t e r a c t i o n  reg ion .  For ins tance ,  t h e  numerical  va lue  

of t h e  in tegrand  may range between 4 x 10 4 and 4 x lo1' w a t t s / m 3  ( f o r  dLJ/2fl 

= 20 Me and 0 Me, r e s p e c t i v e l y )  w i th in  t h e  i n t e r a c t i o n  reg ion ,  so t h e  a c t u a l  

power e x t r a c t e d  from t h e  beam by t h e  plasma i s  probably c l o s e r  t o  2 watts 

than  2 Mw. 

Not ice  t h a t  t h e  power f i g u r e s  depend upon two condi t ions  which a r e  

not  exper imenta l ly  c o n t r o l l a b l e ,  t h e  plasma frequency and t h e  non-uniformity 

of t h e  plasma. 

3 .3 .2  Calcu la t ion  of t h e  Energy S to red  i n  t h e  E l e c t r i c  F i e l d s .  

Trans ien t  Behavior. 

I n  t h e  previous s e c t i o n  it was shown t h a t  i n  t h e  s t eady  state t h e  

bean1 woiild have t o  f u r n i s h  s e v e r a l  k i lowa t t s  of power t o  x a i n t a i n  t h e  plasma 

o s c i l l a t i o n s .  

cons iderable  power from the  beam. Th i s  s o r t  of estimate was p a r t i a l l y  r e -  

spons ib le  f o r  our  undertaking t h i s  experiment. 

This  was done t o  show t h a t  t h e  plasma i s  capable  of  e x t r a c t i n g  

Since t h e  beam a c t u a l l y  i s  f i r e d  i n  0 .1  psec bursts, it i s  perhaps 

b e t t e r  t o  i n q u i r e  how much energy i s  s t o r e d  i n  t h e  o s c i l l a t i n g  f i e l d s  during 

t h e  t r a n s i e n t  response t o  a b u r s t  of e l e c t r o n s .  

The energy s t o r e d  i n  t h e  e l e c t r i c  f i e l d s  i s  

J 

Consider t h e  t r a n s i e n t  behavior of t h e  f i e l d  dur ing  t h e  0 . 1  psec 

t h a t  t h e  beam i s  turned  on. Unless  t h e  beam-plasma system i s  so c lose  t o  

resonance t h a t  t h e  c o l l i s i o n s  l i m i t  t h e  f i e l d s ,  it w i l l  no t  matter i f  t h e  

c o l l i s i o n  frequency i s  assumed equal  t o  zero.  Th i s  i s  a convenience t h a t  

a l lows  t h e  t r a n s i e n t  behavior  t o  be found by applying a simple,  t a b u l a t e d  



Laplace transform to the steady state solution of equation 6 .  
To commence the Laplace transformation, write 5 = Lw , and equa- 

I .  tion 6 becomes 

where 

If 

Then 

and 

P' i  naliy , 

E,' (t ') = 0 



Besides  o s c i l l a t i n g  a t  a frequency which i s  average of 2' and % , 
2rr 2-f 

If & = 20 Mcs on t h e  axis t h e  e l e c t r i c  f i e l d  beats with a f r e q u e n c y A 2  

of t h e  v e s s e l ,  t hen  dur ing  a 0 . 1  ysec burst of e l e c t r o n s  from t h e  Linac t h e  
%,?if arl 

e l e c t r i c  f i e l d  t h e r e  w i l l  beat once. However, t h e  f i e l d s  o f f  t h e  axis w i l l  

be bea t ing  a t  s l i g h t l y  d i f f e r e n t  f requencies ,  depending on t h e  l o c a l  va lue  

o f  . Furthermore, t h e  i n t e n s i t y  o f  the  f i e lds  v a r i e s  wi th  p o s i t i o n  i n  

t h e  v e s s e l ,  s i n c e  

Linac beam, e , falls  o f f  r a d i a l l y ,  t h e  e l e c t r i c  f i e l d  i s  a p t  t o  be weak 

near  t h e  o u t e r  edge of t h e  beam. And because E+ depends on &J , it i s  a 

func t ion  of r a d i a l  pos i t i on .  

p 
depends on gq. That i s ,  s i n c e  t h e  d e n s i t y  of  t h e  

P 

When t h e  0 . 1  psec b u r s t  of Linac e l e c t r o n s  ends, t h e  plasma e l e c -  

t r o n s  cont inue t o  o s c i l l a t e  f o r  a while  a t  t h e  plasma frequency, so  t h a t  t h e  

e l e c t r i c  f i e l d  does not  disappear  immediately. The o s c i l l a t i o n s  a r e  eventu-  

a l l y  damped out ,  e i t h e r  because of c o l l i s i o n s  between plasma e l e c t r o n s  and gas 

molecules, or because of t h e  decay of the plasma dens i ty .  

The amplitude of  t h e  e l e c t r i c  f i e l d  i s  

'7 - - -  

which means t h a t  t h e  f i e l d  i n  plasma i s  2000 t imes h igher  t han  t h e  f i e l d  i n  

f r e e  space.  

For t h e  s i x t e e n t h  harmonic eo = 1.5 x 10 -6 coulomb/m 3 . Then t h e  

ar;,pli tUdn i s  



4 
I. When t h e  f i e l d  s t r e n g t h  according t o  equat ion  /%,  i s  8 x 10 v/m 

3 t h e  energy d e n s i t y  i s  0.03 joules/m . 
throughout t h e  beam-plasma i n t e r a c t i o n  region, however, because t h e  plasma 

This energy d e n s i t y  i s  not  uniform 

d e n s i t y  v a r i e s  w i th in  t h e  reg ion .  

e f f e c t s :  F i r s t l y ,  t h e  e l e c t r i c  f i e l d  beats wi th  d i f f e r e n t  f r equenc ie s  at 

d i f f e r e n t  d i s t a n c e s  from t h e  a x i s .  When t h e  e l e c t r i c  f i e l d  on t h e  axis i s  

Th i s  v a r i a t i o n  of plasma d e n s i t y  has  two 
I 

peaking, t h e  f i e l d  may be going through zero only  a m i l l i m e t e r  away. Secondly, 

t h e  e l e c t r i c  f i e l d  i s  most i n t e n s e  where t h e  plasma frequency i s  c l o s e s t  t o  

t h e  s i x t e e n t h  beam harmonic. The e l e c t r o n  d e n s i t y  of t h e  plasma i s  d i f f u s i o n  

c o n t r o l l e d  so t h a t  

Near t h e  axis, 

Suppose t h e  plasma frequency on t h e  a x i s - w e r e  20 Mcs g r e a t e r  t han  

-3 t h e  s i x t e e n t h  harmonic. Then, on t h e  axis, ET= 2 x 10 . But, according 

t o  equa t ion  22, t h e  d i e l e c t r i c  cons tan t  i n c r e a s e s  r a d i a l l y .  

t h e  e l e c t r i c  f i e l d  i s  most i n t e n s e  near t h e  a x i s ,  and t h e  energy d e n s i t y  i s  

Th i s  means t h a t  
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g r e a t e s t  t h e r e .  Only 0.27 em away from the  a x i s  t h e  d i e l e c t r i c  c o e f f i c i e n t  

i n c r e a s e s  t o  2 x lo-*, causing t h e  peak energy d e n s i t y  t o  decrease by 1/100. 

On t h e  o the r  hand, suppose t h e  plasma frequency on t h e  axis were 

20 Mcs smaller than  t h e  s i x t e e n t h  harmonic. Then, on t h e  axis, -3 = -2 x 10 . 
The d i e l e c t r i c  c o e f f i c i e n t  would inc rease  t o  ze ro  only  0.03 em away from t h e  

axis, i n  t h e  absence of c o l l i s i o n s .  The f i e l d s  cannot a c t u a l l y  go t o  i n f i n -  

i t y  0 .03  em from t h e  axis because they  a r e  l i m i t e d  by c o l l i s i o n a l  damping, 

b )  t h e  breakdown of l i n e a r i t y ,  e )  l a c k  of s u f f i c i e n t  t i m e  f o r  t h e  f i e l d s  t o  

b u i l d  up t o  a h igh  va lue .  

The two cases  above a r e  examples of  t h e  approach t o  resonance t h a t  

can be achieved wi th  t h e  t ime de lay  c i r c u i t  which we have used i n  our  

experiment . The l a t t e r  case i s  more f avorab le  t o  t h e  s t i m u l a t i o n  of 

plasma e l e c t r o n  o s c i l l a t i o n s ,  because a small p a r t  of t h e  i n t e r a c t i o n  r eg ion  

i s  much c l o s e r  t o  resonance than  20 M c .  There a r e  o t h e r  condi t ions  poss ib l e .  

For in s t ance ,  t h e r e  may be annular  p a r t s  of  t h e  i n t e r a c t i o n  reg ion  t h a t  are 

20 Mc from resonance. The energy s t o r e d  i n  t h e  f i e l d s  dur ing  t h e  passage of 

t h e  beam connot be p red ic t ed  wi th  g r e a t  p rec i s ion  because t h e r e  i s  no way t o  

assure t h a t  any given s e t  of cond i t ions  w i l l  occur .  A c a l c u l a t i o n  of  t h e  s t o r e d  

energy i s  f u r t h e r  complicated by t h e  f a c t  t h a t  t h e  e l e c t r i c  f i e l d  b e a t s  with 

d i f f e r e n t  b e a t  f requencies  a t  d i f f e r e n t  d i s t a n c e s  from t h e  a x i s .  This  means 

t h a t  when t h e  e l e c t r i c  energy d e n s i t y  i s  peaking a t  one poin t ,  it may be going 

through a minimum a t  a nearby po in t .  

A t y p i c a l  value of t h e  energy d e n s i t y  i s  t h e  va lue  when -f- fp = 20 Mc, 

-' m3. The t o t a l  i . e . ,  3 x 10 joules/m . The i n t e r a c t i o n  volume i s  5 x 10 

energy s t o r e d  i n  t h e  i n t e r a c t i o n  reg ion  i s  expected t o  be s e v e r a l  o r d e r s  of 

magnitude above o r  below 

-2 3 
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3 -6 
3 x joules/m x 5 x 10-5 m 3  = 10 j ou le s .  

After t h e  0 . 1  psec b u r s t  of e l e c t r o n s  has  been turned  o f f ,  most 

of t h e  s t o r e d  energy w i l l  be d i s s i p a t e d  i n  c o l l i s i o n s  between o s c i l l a t i n g  

e l e c t r o n s  and argon molecules, bu t  some of it i s  expected t o  l e a k  ou t  of 

t h e  v e s s e l .  The energy w i l l  be d i s s i p a t e d  i n  the t ime it t a k e s  the e l e c -  

t r o n s  t o  make s e v e r a l  c o l l i s i o n s ,  a t i m e  i n  t h e  o rde r  of 10 psec. The 

average ra te  of d i s s i p a t i o n  i s  then  0 . 1  watts. Only a small f r a c t i o n  of 

I 

t h i s  need l e a k  ou t  t o  be de t ec t ed  by a s e n s i t i v e  r e c e i v e r ,  provided i,t i s  

not  smeared out  t o o  t h i n l y  over t h e  K-band spectrum. 

The e l e c t r o n s  o s c i l l a t i n g  i n  var ious  p a r t s  of t h e  i n t e r a c t i o n  

reg ion  w i l l  do so wi th  d i f f e r e n t  f requencies ,  because of t h e  non-uniformity 

of t h e  plasma frequency. According t o  equations, t h e  plasma frequency a t  

t h e  boundary w i l l  be about 5% lower (1 kMc) than  t h e  plasma frequency on 

t h e  axis. Furthermore, while  t h e  o s c i l l a t i o n s  are damping ou t ,  t h e  plasma 

d e n s i t y  cont inues  t o  decay, changing the  plasma frequency a t  every  po in t  i n  

t h e  v e s s e l .  Consequently, it i s  expected that any r a d i a t i o n  reaching  a 

r e c e i v e r  ou t s ide  t h e  v e s s e l  w i l l  be spread over  a broad frequency range.  

Suppose t h a t  r a d i a t i o n  emerged from t h e  v e s s e l  a t  one-mi l l ion th  

of t h e  d i s s i p a t i o n  r a t i o .  

based on t h e  e s t ima te  above. Suppose t h a t  t h i s  i s  uniformly spread  over  t h e  

spectrum wi th  a d e n s i t y  of 

of plasma f r equenc ie s  i n  t h e  i n t e r a c t i o n  reg ion .  

Then t h e  r a d i a t e d  power l e v e l  might be lo-'' watts, 

watts/kMc because of  t h e  1 kMc d i s t r i b u t i o n  

The r e c e i v e r  can respond t o  r a d i a t i o n  t h a t  i s  wi th in  i t s  two 8 Mcs 

passbands.  

i s  30 Me below.)  

watts x 16 Mc/1000 Me = 2 x lo-' watts. 

(One band i s  30 Me above the in te rmedia te  frequency, and t h e  o t h e r  

So, t h e  l e v e l  of radiated power t h a t  can be d e t e c t e d  i s  

Since t h e  antenna can i n t e r c e p t  on ly  



1/50 of t h e  r a d i a t i o n  emerging from t h e  vesse l ,  t h e  d e t e c t a b l e  r a d i a t i o n  

i s  f u r t h e r  reduced t o  4 x watts, which i s  somewhat l a r g e r  t han  t h e  

-11 s e n s i t i v i t y  of  t h e  r e c e i v e r  2 .5  x 10 wat ts .  

So, whether t h e  r a d i a t i o n  w i l l  be d e t e c t e d  depends upon what 

f r a c t i o n  of t h e  s t o r e d  energy escapes f rom t h e  v e s s e l ,  t h e  rate a t  which 

it escapes,  and how t h i n l y  it i s  smeared over t h e  spectrum. Th i s  e x p e r i -  

ment was undertaken t o  determine whether t h e  r a d i a t i o n  could be found. 

4. Disbursement of Funds 

A s epa ra t e  f i n a n c i a l  r e p o r t  i s  submitted by t h e  Comptroller.  



5. Personnel  . 
i 
I '  

Name P o s i t  ion  Percent  Time * 
1" 2" 

E. H.  Hol t  

K. C .  S t o t z  

W. C .  T a f t  
R.  E .  Browne 

J. S .  Mendell 

R. E.  Haske l l  

D. A.  Huchi ta l  

W.  C .  Schwartz 

P. N .  Y .  Pan 

J. C a r r o l l  

R .  L. Donnerstein 

L. E. Miller 

G.  M. Mueller 

J. H.  Zablotney 

Support  Personnel  

H.  S t r u s s  

J. Wright 

R .  M. Quinn 

C. V. Bhimani 

Mrs. M. S a n t e r r e  

Prof e s sor 
Senior  I n v e s t i g a t o r  

A s s i s t a n t  Professor  
A s s i s t a n t  I n v e s t i g a t o r  

I n s t r u c t o r  

Research Ass i s t an t  

Graduate A s s i s t a n t  

Graduate A s s i s t a n t  

Graduate Student 

Graduate Student 

Graduate Student 

Undergraduate Student  

Undergraduate Student  

Undergraduate Student  

Undergraduate Student  

Under graduate  Student  

Research Ass i s t an t  
(model shop) 

E l e c t r o n i c  Technician 

Student  Technician 

Student  Technician 

Typi s t 

50 75 50 

(50) 100 25 

25 75 t e rmina ted  Aug 30 

100 75 te rmina ted  Sept  1 3  
50 100 te rmina ted  J u l y  12 

(50) 100 te rmina ted  Sept  30 
- (100) (20) 

(20) te rmina ted  June 7 
- 30 
- 20 

- (15) 
- (15) 

- (15) 
- (15) 

25 25 

50 100 

- 10 

100 20 

75 25 

* 
1. May 1 - June 7, 1963, Academic year 1962-63. 

2- June 10 - September 13, 1963, Summer 1963. 

3. September 16 - October 31, 1963, Academic year  1963-64. 

* 
* 

Note.  

F igu res  i n  b racke t s  i n d i c a t e  p a r t i c i p a t i o n  i n  t h e  r e sea rch  without  charge 
t o  t h e  g r a n t .  



6. Program for t h e  Pe r iod  November 1, 1963 - A p r i l  30, 1964 

S t u d i e s  of  e lec t romagnet ic  wave propagat ion i n  magnetoplasmas 

w i l l  be made i n  a guided wave conf igura t ion .  Measurements of b a s i c  plasma 

processes  w i l l  be made i n  a waveguide c e l l  of s i m p l i f i e d  cons t ruc t ion ,  t h e  

o r i g i n a l  c e l l  be ing  i n  need of replacement. Work on t h e  p o s i t i v e  p u l s e r  

and t h e  mass spectrometer  w i l l  cont inue.  

No f u r t h e r  work on t h e  electron-beam plasma i n t e r a c t i o n  i s  planned 

i f o r  t h i s  per iod .  
I 
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